Abstract-This paper deals with the performance analysis of two prioritized handoff schemes for mobile cellular networks in which handoff attempts finding all channels busy are queued for a maximum time. Fixed channel assignment is assumed. In the first prioritized handoff scheme considered, handoff attempts are queued according to the first-in-first-out (FIFO) policy. Conversely, the second scheme resorts to an ideal nonpreemptive priority queuing policy to enhance system performance. Differently from previous works, in this paper the performance analysis is carried out on the basis of a model which takes into account the event that a call may terminate when the mobile user is waiting for a handoff. Comparisons with simulation results and analytical predictions derived by means of alternative approaches highlight a better estimation accuracy for the proposed method. Moreover, it is also demonstrated here that the FIFO policy allows performance very close to that of the ideal prioritized handoff scheme and, hence, that it is a solution suitable for applications in mobile cellular networks where a high service quality is required.
I. INTRODUCTION
T HE RAPID growth in the demand for mobile communications has led to intense research efforts so as to achieve an efficient use of the scarce spectrum allocated for cellular communications [1] - [3] .
In a cellular system, mobile subscribers (MS's) are provided with telephone service within a geographical area. The service area is divided into multiple adjacent cells. MS's communicate via radio links to base stations (BS's), one for each cell. Throughout this paper, it is assumed that each cell has been allocated a fixed number of channels which may be frequency bands, time slots, or codes depending on the multiple access technique assumed. A new call originated in a cell may be blocked and cleared from the system [blocked calls cleared (BCC's) policy] if all channels assigned to the related BS are in use. A channel remains allocated to an MS until its call is completed in the cell or it crosses the cell boundary. In the latter case, the MS needs again for a channel allocation in the new BS to continue the call. The procedure that permits to achieve this goal is named handoff [1] - [6] . For convenience, in what follows we name source cell of the handoff request, the cell which the MS is leaving and destination cell, the cell into which the MS is moving and requesting a new channel allocation. The handoff procedure is assumed to start when the power received by an MS from a BS of a neighboring cell exceeds the power received from the BS of the source cell for a specified amount named handover threshold [1] . To avoid a forced termination of an ongoing call (handoff attempt failure) a channel must be allocated to the handoff request before the power received by the MS reaches a specified threshold. Different handoff strategies have been proposed in the literature [1] - [5] . Among them, it has been demonstrated that handoff prioritization schemes are very efficient. These schemes are channel assignment strategies that allocate channels prior to handoff requests [1] , [2] , [4] , [5] . If a handoff attempt has not attained a channel when the associated MS moves out of the handoff area to definitely enter the destination cell, the call is immediately dropped. 1 It has been shown in [4] that among prioritization schemes, the handoff queuing approach is the most suitable solution in order to avoid (or relax) this drawback. In this scheme, handoff attempts which do not receive an immediate service are queued for the time the MS spends in the area, where it may have a reliable connection to both the source cell BS and the destination cell BS (handoff area). We focus here on a handoff queuing approach, based on the first-in-first-out (FIFO) discipline, first proposed and analyzed by Hong and Rappaport [4] and successively by Tekinay and Jabbari [5] and Lin et al. [2] . In this scheme, handoff attempts which cannot be immediately served are stored in a queue (handoff queue) according to the order of generation. When a channel is released in a cell, the BS first checks if its handoff queue is empty. If not, the released channel is assigned to the handoff attempt at the head of the queue. Tekinay and Jabbari [5] have also proposed a handoff queuing approach based on a nonpreemptive dynamic priority policy. The priority is defined by the power level that the MS receives from the BS of the source cell when it is moving toward the destination cell. The highest priority level is assigned to the handoff attempt associated with the MS whose power level is closest to the receiver threshold (i.e., having the lowest residual queueing time). Differently from previous papers [2] , [4] , [5] , performance evaluation has been carried out by means of a suitable analytical approach that takes into account that a handoff request may decline during the time the MS stays in the handoff area. Simulations have been performed to validate our analytical predictions. Comparisons with analytical predictions obtained by means of different approaches [2] , [5] are also shown in order to highlight the greater accuracy of the proposed method.
With the aim to derive a lower bound on the performance of any handoff prioritization scheme, this paper also discusses and analyzes a handoff queuing scheme based on an ideal priority policy. The performance of this ideal scheme can be considered like a lower bound for the measurement-based-prioritization (MBP) scheme proposed in [5] . In particular, it will be demonstrated here that the FIFO approach, which lowers the implementation complexity with respect to other queuing schemes, attains a performance close to the derived lower bound 2 and hence, it can be considered as an efficient solution in order to enhance the service quality in mobile cellular networks. This paper is organized as follows. Section II gives a description of the traffic model and performance criteria assumed in this paper. Section III deals with a new analysis of the FIFO handoff queuing approach first proposed by Hong and Rappaport [4] . Comparisons with the analytical predictions derived by means of the methods proposed in [2] and [5] , and simulation results are also presented in this section in order to highlight the greater accuracy of the new proposed analysis. Section IV discusses and analyzes a prioritized nonpreemptive handoff queuing scheme based on an ideal priority queuing policy in order to derive a lower bound on the performance of any practical prioritized nonpreemptive scheme. A comparison with the results obtained for the FIFO approach is also shown in this section. Section V contains a summary and concluding remarks.
II. TRAFFIC MODEL AND PERFORMANCE CRITERIA
In performing our analysis, we have adopted some simplifications (consistent with previous works [2] , [4] , [5] ) regarding the distributions of the random quantities of interest. New calls have been considered as originated in each cell according to independent Poisson processes with equal mean generation rate per cell and per minute
A very large population of MS's is assumed, therefore, the mean generation rate of new calls is independent of the number of calls in progress. Handoff attempts toward each cell are considered as generated according to independent Poisson processes with equal mean attempt rate per cell and per minute .
The call duration time has been assumed exponentially distributed with mean value equal to Moreover, we have defined the random variable as the time an MS stays in a cell. The probability density function (pdf) of depends on the cell size, speed, and direction of the MS motion (i.e., the mobility model). In this paper, we have considered the user mobility model proposed by Guerin [6] . In particular, it has been carefully demonstrated in [6] that this mobility model fits well with practical MS motion situations such as those arising in urban or suburban areas. According to the Guerin's results (validated by simulations) [6] , the pdf of has been assumed as a negative exponential distribution with mean value given by (1) with the cell radius and the mean value of the MS's speed.
The channel holding time defined as the time elapsed between the instant that a channel is assigned to serve a call in a cell and the instant it is released by either completion of the call or a cell boundary crossing by the MS, is also a function of system parameters such as cell size, speed, and direction of the MS motion. In particular, we have (2) if a call is completed in the cell where it was originated (or handed off). Otherwise, if the MS moves out the cell before the call is completed (i.e., we have
In deriving (3), we have neglected that may result lower than due to the fact that a channel may be released before the associated MS definitively crosses the cell boundary (successful handoff). The goodness of this assumption will be validated later by comparing simulation results (derived by removing this simplifications) with analytical predictions. Note that (2) and (3) are valid for both new calls and calls which have been handed off successfully. This is due to the memoryless property of the exponential distribution [7] . It follows that for any assigned channel in a cell is either the call duration time or the MS sojourn time in the cell, whichever is less (4) From (4), we have and (5) Assuming that the call duration is independent of the MS sojourn time in a cell, we get (6) Therefore, the pdf of results in (7) with mean value (8) Let be the probability that a new call is cleared because it does not enter service due to unavailability of idle channels and be the probability that a handoff attempt fails we have that the mean rate of handoff attempts from a cell toward the adjacent cells is (9) where denotes the probability that a new call which is not blocked (or a call which has been successfully handed off) will require a (further) handoff. Parameter is defined as [4] (10)
Assuming an equilibrium condition, we have
A nonblocked call attains service, but its fate may have two different outcomes. One is that the call is completed with suc-cess. The other is that the call is broke off due to an unsuccessful handoff attempt. We denote the probability that a nonblocked call is forced into termination by This parameter represents the average fraction of new calls which are not blocked, but have experienced a forced termination. To guarantee a satisfactory quality of service it is evident that should be kept as low as possible. In deriving we note that a nonblocked call which had successful handoff attempts experiences a forced termination if the th handoff attempt fails. Hence, we have (12) Another important parameter to be considered in carrying out performance evaluation is the probability that a new call will not be completed, due to a handoff failure [4] . This parameter can be defined as (13) Parameters and will be derived in the next sections in the case of the FIFO queuing policy and in the case of an ideal priority queuing policy.
III. THE FIFO HANDOFF QUEUING APPROACH
This section deals with a channel assignment scheme in which a handoff attempt toward a cell where all the channels are busy may be queued until either a channel becomes available for it or the call is forced into termination, because the average received power level at the MS from the BS falls below the receiver threshold level. 3 When an MS moves away from the BS, the received signal power decreases. When the signal power received by an MS reaches the handoff threshold level, the handoff procedure is started by requesting a new channel to the BS of the destination cell. In the handoff area, the average received power level by an MS is between the handoff threshold level and the receiver threshold level [1] , [3] - [5] . Hence, if the handoff request finds all channels busy in the destination cell, it may be queued at the BS waiting for an available channel. As soon as the power of the signal received at the BS of the source cell reaches the receiver threshold level, the call is dropped and, hence, the associated handoff request declines. In this section, we have assumed that the handoff requests are served according to the order of generation (FIFO policy) and that the handoff queue size is unlimited. The maximum queueing time of a handoff request is considered here as a random variable dependent on a number of factors, which include propagation, interference, distance between the MS and the BS, and other time-varying effects [11] . Therefore, it may happen that two MS's with a same may have different maximum queueing time. On the basis of the previous considerations, we have assumed here (as in [2] ) independent of The statistic characterization of is not an easy task and it is usually influenced by the particular application scenario under consideration [12] . In this paper, we focus on an urban 3 In our scheme, queueing of new call attempts is not allowed. environment for which it has been stated in [2] that may be assumed exponentially distributed 4 with mean value given by (14)
Let us define the following random variables.
Residual call duration time associated with the handoff attempt which is in the th queue position when another handoff attempt leaves or joints the queue (i.e., a variation of the queue size occurs).
Residual holding time for channel in the destination cell when all the available channels are busy and a variation of the queue size occurs.
Residual queueing time for the handoff attempt in the th queue position when a variation of the queue size occurs.
Residual time the MS with handoff attempt in the th queue position (hence, having crossed the destination cell boundary) stays in the destination cell. Under the memoryless assumption, the distributions of the random variables and are equal to those of and respectively. Let be the state number of the system at time defined as the sum of the number of channels used in the cell and the number of handoff attempts in the queue at the BS. Let us consider that all the channels assigned to the cell are busy and that handoff requests are waiting in the queue. In this case, the state number is reduced by one in the time interval with the incremental interval suitably low, if the minimum among and results to be lower or equal to . Hence, from our model 5 
From (15), it is straightforward to verify that each cell can be modeled as an M/M/C queuing system with nonhomogeneous arrivals and departures [7] . The state transition diagram for such a queuing system is shown in Fig. 1 . By means of the standard theory of the M/M/C queuing systems [7] , the probability of elements in the system in a steady-state condition, both in service as calls in progress or queued as handoff requests, can be derived for as
and for (17) where , the probability of having an empty system, is given by (18) at the bottom of the page. The blocking probability for a new call, can be derived from (16) to (18) as (19) A particular handoff request (the tagged handoff request) which enters the queue will not fail (i.e., the associated call will not experience a forced termination) if one of the following events occurs: 1) the call associated to the tagged handoff attempt terminates before the MS has left the handoff area; 2) the call does not terminate, but the tagged handoff attempt reaches the head of the queue and obtains a channel before the expiration of the queueing time for the MS; and 3) the MS goes back into the source cell and leaves the handoff area.
The probability that an MS experiences a handoff attempt failure can be concisely derived as (20) where denotes the failure probability for a handoff attempt entering the queue in position A handoff request may decline because the call terminates before the expiration of the maximum queueing time or the MS goes back into the source cell. Letting be the probability of this event, we have or and
Let us focus on a handoff request queued in the position for which we assume that the associate call does not terminate and the associate MS does not go back into the source cell before it reaches the head of the queue. Under these assumptions, the probability that this handoff request reaches the head of the queue and gets a channel before expiration can be obtained by the memoryless property as (22) where is the probability that a handoff attempt in position moves to position before expiration of the queueing time for the associated MS and is the probability that a handoff attempt at the head of the queue attains the allocation of a channel before expiration.
A handoff attempt in position will advance in position if the queueing time of the associate MS exceeds either: 1) at least one of the residual duration times of the calls in progress in the cell; 2) at least one of the residual queueing times for any attempt in a lower queue position ; or 3) at least one of the residual call duration times or residual (18) sojourn times in the destination cell, for any attempt in a lower queue position. The handoff attempt at the head of the queue will get a channel if the remaining queueing time of the associated MS exceeds the channel holding time for at least one of the C occupied channels. Through some algebraic manipulations, we can derive the probability of this event as (24) By substituting (23) and (24) Equations (11), (18), (19), and (27) define a nonlinear system which can be numerically solved by means of an iterative method in order to derive the unknown parameters and when all the other system parameters are given [4] . Comparisons with simulation results have been performed in order to validate our analytical predictions. 6 Performance comparisons with analytical results obtained by using different approaches [2] , [5] are also shown in order to highlight the better accuracy of the proposed method (approaches proposed in [2] and [5] do not take into account that a handoff attempt in the queue may decline due to the call termination during the sojourn time of the MS in the handoff area or to the reentry of the MS into the source cell). Computer simulations have been derived by assuming to have a parallelogram shape, divided in equal size cells having a hexagonal layout. 7 Moreover, it has been considered folded onto itself with each cell having a complete belt of interfering cells so as to avoid the border effect [8] . System parameters have been set as follows:
channels per cell; mean call duration min; min mean queueing time min. In particular, the selected value of parameter is suitable for a wide class of practical situations, including a dense cellular system in a downtown environment as well as a picocellular system in a campus or indoor environment [6] . Simulation results have been derived according to the method of independent replications [10] : the simulation has been run ten independent times for each measure of interest, with each simulation run reproducing the behavior of the whole network over a period of 48 h. The numerical values of the random variables involved in our model (e.g., have been generated according to their statistical distributions by means of standard approaches [13] .
Figs. 2 and 3 show and , respectively, as a function of Simulations results are also reported in the figures to validate the analytical predictions. These figures show a good agreement between simulation and analytical results for all the considered analytical approaches. Conversely, Figs. 4 and 5 showing parameters and , respectively, as a function of highlight the better estimation accuracy of the proposed approach with respect to both Tekinay and Jabbari's approach [5] (curve a) and the Lin et al. approach [2] (curve b). This behavior is enhanced in Fig. 6 where is shown as a function of the mean queueing time for equal to 6 calls/min. In Figs. 2-5 , the performance attained by means of a classical FCA technique has been also reported for comparisons purposes. Such results have been obtained by resorting to the standard analytical approach [2] , [4] . In particular, it is shown in Fig. 4 that for a target value of equal to 10 , the FIFO-based handoff queuing scheme allows an amount of traffic carried [defined as ] 28% greater than that possible with the classical FCA technique.
IV. THE FIFO SCHEME VERSUS AN IDEAL QUEUING PRIORITY SCHEME This section deals with the derivation of a lower bound on the performance of any practical nonpreemptive handoff queuing scheme. We accomplish this goal by focusing on a nonpreemptive handoff scheme based on an ideal priority queuing policy (IPQ) which permits to have (at any time instant) at the head of the queue the handoff request having the lowest residual queueing time. This scheme can be considered like an MBP (ideal) scheme [5] in which a continuous rearrangement of the queued handoff requests is performed according to a continuous monitoring of the received signal strength at the BS side. It is straightforward to note that the IPQ scheme outperforms any practical prioritized handoff queuing scheme, because it is always guaranteed that any handoff request reaches the head of the queue before expiration of its queueing time. 8 We look at a change of state in an incremental time interval with suitably low so as to consider that the handover queue order remains unchanged. It is important to highlight that in the IPQ scheme the distribution of the residual queuing time for the handoff request at the head of the queue, is an order statistic. In particular, in the case of all the channels assigned to the cell busy and handoff requests waiting in the queue with i.i.d. exponential random variables, we have that has also an exponential distribution with mean equal to [7] . Hence, the transition probability from state at to the state at is 9 or or or or or or (28) From (28), it follows that each cell can be modeled as an M/M/C queuing system with nonhomogeneous arrivals and departures. The state probabilities can be derived for as (29) and for as
with given by (31) at the bottom of the page. 8 In the IPQ scheme, the queue is reordered such that the handoff requests are in increasing order of maximum queueing time. Hence, in this case the handoff request with the lowest residual queueing time is always at the head of the queue. 9 It is straightforward to note that in this case the probability of having min fT ; 1 i Kg is equivalent to having T . The blocking probability can be derived from (29) to (31) as (32) As before, we assume that a call does not end and an MS does not go back into the source cell before the appropriate handoff request reaches the head of the queue. Hence, by taking into account that in the IPQ scheme, any handoff attempt entering the queue reaches anyhow the head of the queue before expiration of its queueing time, the probability that a handoff attempt fails is the probability that the associated call does not end and no channel becomes available to accomplish the handoff request before the expiration of the queueing time. Given that there are (31) in all handoff requests in the queue, this can be concisely stated mathematically as (33) by noting that the above events are independent. In (33), and , respectively, denote the probability that a call ends and a channel becomes available before expiration of the queueing time for the handoff request at the head of the queue when there are handoff requests waiting for service. From above, it is straightforward to verify that (34) Hence, the probability is
Equations (11) and (31)-(35) define again a nonlinear system which can be numerically solved to derive the unknown parameters and . Fig. 7 shows as a function of for the IPQ scheme in comparison with the FIFO scheme. The same system parameter values as in Section IV have been assumed. Probability is given in Fig. 8 as a function of Probability is also shown in Fig. 9 as a function of the mean queuing time for equal to 6 calls/min. Simulation results for the IPQ scheme are also shown in Figs. 7-9 so as to validate our analytical approach. From the previous figures, we can point out that the performance of the FIFO scheme is very close to that of the IPQ scheme. In particular, Fig. 8 shows that the use of the FIFO approach introduces a degradation less than 0.35 Erlangs for the traffic carried per cell without losing the constraint Therefore, taking into account that the FIFO policy adds the lowest hardware/software complexity to manage the waiting queue, this scheme seems to be a very attractive solution to be used in order to improve the service quality. This result is consistent with what stated by Lin et al. [2] on the basis of a comparison between simulation results concerning the FIFO scheme and the MBP scheme.
V. CONCLUSION
This paper has proposed a model and an analytical approach to carry out the performance analysis of nonpreemptive handoff queuing schemes in which handoff attempts finding all channel busy are queued for a maximum time. In particular, the FIFO queuing policy and an IPQ policy have been considered. Comparisons with simulation results and analytical predictions have been shown to validate our approach and to highlight its accuracy also in comparison with previously proposed methods [2] , [5] . Moreover, it has been shown that the FIFO scheme exhibits a favorable performance comparison with the IPQ scheme. This represents an extension (and a further proof) of the result achieved by Lin et al. [2] by considering simulation results only. Therefore, taking into account that the FIFO scheme adds a lower hardware/software complexity to manage the handoff attempts queue than any MBP scheme, we can rightly consider the FIFO policy as a very attractive solution in order to improve the service quality in mobile cellular networks.
